This review is a detailed account of authors' work in the field of biomimetic cyclization of geraniol-like dienes. The very high regio-and enantioselectivity achieved made these elegant reactions a viable tool for the synthesis of monocyclic building blocks used in the synthesis of valued terpenoids, like the precious aroma and perfume constituents´ ionones and irones.
From more than two centuries ago, when chemistry moved the first steps as a modern scientific discipline, Mother Nature has continuously been a rich source of exciting discoveries for organic chemists. The intricated structural complexity of many products isolated from living organisms has challenged the most imaginative human minds in reconstructing constitutionally and stereochemically intriguing molecular architectures, real puzzles of atoms and interconnecting bonds. On the other hand, efforts of organic chemists to find Nature's way of working have led to the development of new chemical reactions and innovative ideas on how to perform syntheses of complex molecular structures. Indeed, a large number of achievements in organic synthesis were based on imaginative hypotheses about the structural origins of natural products. Fifty five years ago, two seminal papers, ‗The Stereochemical Interpretation of the Biogenetic Isoprene Rule for the Triterpenes' by Eschenmoser, Ruzicka, Jeger, and Arigoni [1] and ‗The Stereochemistry of Polyene Cyclization' by Stork and Burgstahler [2] , brilliantly illustrated the mechanistic principles underpinning the stereospecific, cascade cyclizations of squalene and related polyolefins to polycarbocyclic structures. They affirmed that, when conversion of acyclic precursors to (poly)cyclic products can lead to different stereomers, the stereostructures of cyclic products can be predicted on the assumption that acyclic polyalkene precursors react in defined conformations, e.g. via chair-or boat-like transition states in cyclohexane ring formation, with antiperiplanar addition to double bonds [3] . These ideas were really visionary at that time, since the enzymes that nature uses to convert squalene and oxidosqualene to polycyclic triterpenes were still to be discovered [4] . In addition, these papers provided a theoretical and empirical foundation for the remarkably pioneering accomplishments in terpenoid synthesis by W. S. Johnson [5] , E. E. van Tamelen [6] , and subsequent generations of chemists [7] . More recently, Yoder and Johnston have brilliantly described how organic synthesis and biosynthetic studies on carbocation-initiated electrophilic -cyclizations have been synergistic, as each has evolved in parallel with the other [8] .
In addition to their intrinsic elegance, biomimetic cyclizations are outstanding examples of cascade reactions which are some of the most powerful and efficient tools for the total synthesis of natural products, allowing for a great increase in molecular complexity in one-pot sequences. The benefits of cascade reactions include atom economy, as well as savings in labor, resource management, and waste generation [9] . The absolute stereochemistry of cyclic products can also be controlled to some extent, either by introducing a directing group on the acyclic precursor, prior to the cyclization, or through alkene enantioface recognition by an external electrophilic species. The interplay between biomimicry and total synthesis was discussed in the past as part of several reviews, including one of the authors [7, 10] . In these papers major emphasis was, of course, placed on cyclizations leading to polycyclic terpenoid structures, while simpler cyclizations of geraniol type dienes have not been considered in detail. In this review we will critically illustrate the biomimetic NPC Natural Product Communications cyclizations of geraniol derivatives in the context of our work on the synthesis of compounds containing the dimethyl monocyclic moieties 1 and 2. Several mechanistic subtleties and variations of polyene cyclizations, in particular the salient features of the chemical entities generally used to initiate and terminate such reactions, will be discussed.
In fact, to control cationic cyclization, it is necessary to consider a reaction design based on the following steps: (1) generation of a carbocation, (2) control of the conformation of substrate undergoing cyclization, (3) stabilization of intermediate reacting species, and (4) quenching of final carbocation. In Nature, carbocation-like species initiating cyclization are generated either by olefin protonation or by opening a protonated epoxide installed on substrate properly folded inside the cyclase cavity. Moreover, polar or aromatic groups of amino acid residues of the enzyme backbone or side chains have been suggested to stabilize the developing positive charge during successive cyclizations [11] . They also control the terminating step of cyclization, either by regioselective deprotonation or by intercepting the terminal positive charge with a nucleophilic group, typically an OH group. In absence of an enzyme, site-selective generation of a carbocation is difficult to achieve by direct olefin protonation on polyprenoids, due to competition between terminal and internal isoprenyl groups. Therefore, in artificial biomimetic cyclizations carbocations are usually generated by leaving group elimination or epoxide opening, given the easier protonation of the heteroatom than a double bond. On the other hand, regiocontrolled quenching of terminal carbonium ion of cyclization is usually obtained by introducing a suitable terminating unit in the starting polyene, for example, an acetylenic, a styryl or an allylsilyl group (vide infra) [10] . More difficult is, instead, to control the stereochemistry of cyclized product which ultimately depends on the selective recognition of the stereotopic faces of each alkene moiety successively entering the cascade reaction. In fact, artificial cyclizations occur in absence of external constrains, contrary to living organisms where the three-dimensional cyclase active site controls the folding of polyene substrate. In artificial systems, instead, cyclizing compound may assume different competing conformations with small differences in steric and stereoelectronic characteristics, so that different competing transition states become accessible.
At the onset of our work in the field, we envisaged in the biomimetic cyclization of geraniol epoxide 3 the most direct approach to cyclohexene 4, a versatile building block for the synthesis of 1-type terpenoids. A survey of the literature clearly indicated that reaction efficiency and product distribution were mainly determined by the nature of the R substituent and the Lewis acid promoting the cyclization [12] . For example, carbocyclization of epoxyacetate 3b upon exposure to BF 3 . Et 2 O or BBr 3 [13] a mixture of 4b/5b in merely 4.4% yield [13] . Quite surprisingly, on the contrary, reaction of 3c with the same Lewis acid in toluene at 0°C produced a mixture of 4a and 5a, in a ratio of about 85:15, in 60% yield. Then the α-isomer was separated in a pure form from the exo-olefin by crystallization [12] . In our hand, exposure of epoxide 3a to FeCl 3 . 6H 2 O rapidly afforded a 1:1 mixture of 4a and 6, which slowly (24 h) converted to the sole endocyclohexene 4a in 40% isolated yield [15] . We proposed that conversion of 6 to 4a was promoted by Lewis acid coordination of the ether and alcohol oxygen atoms, as shown in formula 7. In accordance with this scenario, we anticipated that a Lewis acid more oxophilic than ferric chloride would have further improved the cyclization of 3a to 4a. In the event, on treatment with ZrCl 4 in a diluted solution of CH 2 Cl 2 , 3a was converted to 4a in less than 10 min and 50-55% yield [15] . Ether 6 was detected only in the very early stage of the reaction and rapidly converted to 4a, while regioisomeric exo olefin 5a did not contaminate 4a (GC and NMR) [15] . Starting from unprotected geraniol epoxide 3a as the substrate of biomimetic cyclization, product 4a could be obtained not only regio-and diastereomerically pure but, more important, with the absolute configuration desired [16] . In fact, either enantiomerically enriched antipode of 3a was easily obtained from the diol formed by Sharpless asymmetric dihydroxylation of geranyl acetate 8, followed by a few standard steps [16, 17] . The synthesis of (S)-(-)geraniol epoxide is reported in Scheme 2 as an example [17] . After the cyclization of (S)-3a, the enantiomeric purity of formed 4a was raised to ≥99% (GC) by two recrystallizations to costant melting point from hexane-Et 2 O [16] .
Several terpenoid targets, incorporating the cyclohexene moiety 1 and in principle accessible from building block 4a, lack the 2-OH group. Selective deoxygenation of the secondary alcohol of 4a to (S)-α-cyclogeraniol 10 was readily executed in three uneventful steps, consisting of selective protection of the primary alcohol of 4a as p-Br-benzoate, followed by smooth dehydration of the secondary alcohol 4d, and regioselective hydrogenation of the disubstituted double bond of diene 9 (Scheme 2) [16] . Although almost enantiomerically pure α-cyclogeraniol 10 was produced, the route was, however, quite long and inapplicable on a multigram scale. We explored, therefore, another approach based on the enzymatic kinetic resolution of racemic 10. Indeed, treatment of (±)-10 with lipase PS and vinyl acetate, in hexane/Et 3 N 2.8:1, in the presence of 4-A molecular sieves, afforded (-)-(S)-α-cyclogeraniol in 38% yield and 95% ee [18] . On the other hand, straight routes to racemic 10 stem from products of acid promoted biomimetic cyclizations of geraniol or geranic acid. These results clearly demonstrate that, in addition to the type of acid catalyst used, apparently small differences in substrate structures dramatically affect the nature of cyclization products.
Enantioenriched (-)-(S)-α-cyclogeraniol 10 soon appeared to us an ideal building block for the enantioselective synthesis of several norterpenoid derivatives and other natural products related to α-ionone (20) and α-damascone (21) (Figure 3 ). These compounds are established among the most highly valued fragrance constituents as a result of their fine violet and rose scents. Olfactory evaluations have shown that the endo or the exo position of the double bond to the six-membered ring, as well as the absolute stereochemistry of the molecules, dramatically determine the fragrance properties, often with pronounced differences between the notes and the odor thresholds even of the two enantiomers.
For example, ß-damascone (22) is floral-woody, somewhat tobacco-like, whereas α-damascone smells floral-fruity, green, apple-like with a harsh camphoraceous cork-note. This cork-stopper off-note is due to the (R)-enantiomer, whereas the (S)-isomer (21) is linear, clean, and more intense, further possessing a pleasant wine-like nuance. In addition to the use of naturally occurring odorous molecules, with the increasing launch rated of new perfumes, there is an increasing demand for new odorants. Chemical modification of the structure of known odorants can accomplish this goal, because an apparently small structural modification often gives rise to a dramatic change in the olfactory properties. As part of a program aimed at understanding the molecular mechanism of olfaction and the relationship between olfactory properties and steric factors of ionones, in addition to the preparation of (S)-α-ionone 20 and (S)-α-damascone 21 [16] , we accomplished the synthesis of three unnatural C(13)-alkyl-substituted-(S)-α-ionone homologues 23-25 [18] . Important changes of perfume For assembling the enone side-chain of these ionones, at first the classical Horner-Wadsworth-Emmons olefination reaction was explored; however, this procedure, applied to (S)-α-cyclocitral 11, readily obtained by oxidation of 10 with the Dess-Martin periodinane (DMP) reagent [22] , afforded slightly racemised α-ionone 20 in modest yield, possibly due to high steric hindrance around the carbonyl group. Therefore, we investigated an unprecedented methodology in ionone chemistry, based on E-stereoselective Julia-Lythgoe olefination [23] (Scheme 4). In the event, (-)-10 was converted to the corresponding sulfide 26 under Mitsunobu conditions, and the sulfide was chemoselectively oxidized to sulfone 27 by treatment with H 2 O 2 /cat. (NH 4 ) 2 MoO 4 . Subsequent condensation of sulfone 27 with (S)-2-tert-butyldiphenylsilyloxypropanal, in the absence of any Lewis acid activator, smoothly afforded desired hydroxysulfone 28, as a mixture of stereomers. They were immediately exposed to 10% sodium amalgam to deliver protected (E)-ionol 29 in about 80% yield. Finally, hydroxyl group deprotection, followed by oxidation with the Dess-Martin periodinane reagent [22] , uneventfully produced (S)-α-ionone 20 (ee ≥99% by GC analysis) in 65% overall yield from sulfone 27 [16] . The same procedure was also used by us, always with excellent yields, for the construction of the enone moiety of ionones 23-25 [18] and 35-38 [24, 25] , as well as of irones 79 and 80 [26] (vide infra).
The additional alkyl substituent at C-13 of α-ionone homologues 23-25 was introduced via a common path from (-)-(S)-α-cyclogeraniol 10 to allylic phosphate 32, which was then submitted to separate S N 2'-type reactions with different excess dialkyl cuprates, derived from RMgBr (R = Me, Et, i-Pr) and CuCN . 2 LiCl. (Scheme 5) [18] .
Conversion of 10 to 32 was realized in 66% overall yield in four simple steps featuring regioselective rearrangement of epoxide 30 to the corresponding allylic alcohol 31 by Al(O i Pr) 3 excess in xylene at reflux [27] . Interestingly, upon prolonged heating, β-allylic alcohol 31 equilibrated to a mixture with the α-isomer by a still unknown mechanism. Subsequently, the desired products 33a-c were obtained in good yields (82-94%) and with complete regioselectivity by allylic S N 2'-displacement (Scheme 5). Each of the three homocyclogeraniols 33a-c were then deprotected and each of the formed free alcohols 34a-c was uneventfully converted to the corresponding target product, 23-25, using the same reaction sequence previously discussed for the conversion of alcohol 10 to αionone 20 (Scheme 4) [23].
The comparison of olfactory properties of compounds 23-25 with parent (S)-α-ionone 20 by expert flavorists of Givaudan Schwertz AG clearly indicated that the odor strength and tonality were significantly influenced by the bulkiness of the substituent at C (13) . These results strongly suggest that specific hydrophobic interactions of each Catom of the alkyl chain at C(5) with human olfactory receptors modulate the individual notes of the odor of ionone 20 and analogues 23-25. Thus, while maintaining a predominant woody-floral, fruity smell, the 5-ethylderivative 23 was described as reminiscent of β-ionone, with a pronounced powdery side, while the odor of the propyl homolog 24 was found to be fruitier than 23, more closely reminiscent of raspberry, but with a distinct orris inflection. Moreover, the odor threshold of the olefinic ethyl substituted ionone 23, 0.085 ng/L of air, resulted to be more than 30 times lower than the methyl substituted (S)-α-ionone 20, while the odor of the isobutyl derivative 25 was the weakest of all four ionones [18] .
Intrigued by these data, we examined the olfactory properties of conformationally constrained synthetic 13-alkyl-substituted ionone analogues, in which the alkyl residue was incorporated in a cyclic structure. In fact, it was anticipated that the rigidity of cyclic molecules would reduce the number of elicited receptors in comparison with more flexible, open-chained odorants, existing in a larger number of potentially -active‖ conformations. Thus, the active orientation of the 13-alkyl group in compounds of type 23 could be defined with more accuracy. Moreover, a likely tighter binding of the conformationally constrained 13-alkyl-substituent with olfactory receptor(s) was expected to give rise to a lower odor threshold. Based on some preliminary molecular modelling [24, 27] , octalinic 35 emerged as a stiff alkyl derivative of α-ionone 20, while the two diastereomers 36 and 37 corresponded to conformationlly constrained 13-alkyl-substituted analogues of γ-ionone 38 [24] .
The syntheses of 35-37 stemmed from (S)-α-cyclogeraniol 10 as the common starting building block. In fact, the basic structures of key intermediates 43, 49, and 50 were smoothly assembled by two thermal Diels-Alder reactions between phenyl vinyl sulfone and dienes 41 and 47, respectively, both prepared from 10 (Schemes 6 and 7). Subsequently, alcohols 43, 49, and 50 were readily converted to the target products 35-37 via the usual Julia-Lythgoe olefination protocol (see Scheme 4) [24] .
The synthesis of diene 41 started with protection of 10 as tert-butyldiphenylsilyl (TBDPS) ether 39, followed by Lewis acid catalysed oxo-ene reaction with solid trioxane.
After preliminary experiments, we found that in the presence of the bulky Yamamoto reagent aluminum alkoxide methylaluminum bis-(2,6-diphenylphenoxide) (MAPH), compound 40 was produced as a single transdiastereomer in 92% yield (Scheme 6). This alcohol was then easily converted to diene 41 according to Grieco's protocol [29] . Subsequently, heating compound 41 with phenyl vinyl sulfone in toluene in a sealed tube led to a clean formation of the expected mixture of regio-and diastereomeric cycloadducts 42 in almost quantitative yield. These products converged to the desired free alcohol 43 by alcohol deprotection, followed by reductive elimination of the sulfonyl group (Scheme 6) [24] . The synthesis of γ-ionone-type octalines 36 and 37 was more laborious than originally expected [24] . For example, direct allylic oxidation of the methyl group of protected α-cyclogeraniol 39 with SeO 2 met with no success. Therefore, in order to oxidize the C(10) position of compound 39, the sulfenate ester derivative of allylic alcohol 31 was submitted to a Mislow-Evans [2,3]sigmatropic rearrangement [30] , to give sulfoxide 44 as a mixture of diastereomers in 91% yield (Scheme 7).
Subsequently, sulfoxide 44 was oxidized to the corresponding sulfone 45, which was efficiently converted to diene 47 in three steps via derivative 46, according to the Kocienski procedure [31] . Diels-Alder cycloaddition of 47 to phenyl vinyl sulfone required heating at a temperature significantly higher than diene 41, namely at 155 vs 100°C, and in the presence of 10% w/w dihydroquinone to avoid decomposition. Subsequently, the complex mixture of regio-and diastereomeric products 48 was immediately submitted to cleavage of the silyl ether group with tetrabutylammonium fluoride (TBAF), followed by reductive removal of the sulfonyl group to give a 55:45 mixture of trans-49 and cis-50 (Scheme 7). After separation by flash column chromatography, each bicyclic alcohol was converted uneventfully to the target compounds 36 and 37, respectively, both 95% ee, according to our standard procedure [24] .
Compared to ionone derivatives, the odors of the three alcohols 43, 49, and 50 were significantly weaker and had no violet tonality, underlying the importance of an oxidized side-chain in the chemoreception of ionones. In contrast, the three bicyclic enones 35-37 maintained an intense violet ionone odor; in addition, each isomer showed individual pleasant characters [24] . Odor threshold of the α-ionone derivative 35 was even slightly lower than the open-chained ethyl homologue 23 (0.076 vs 0.085 ng/L of air), while odor characteristics were quite similar, including pronounced raspberry nuances [24] . The nicely superimposable molecular shapes of monocyclic compound 23 and bicyclic 35 strongly suggest that similar steric and electronic factors are strongly involved in their chemoreception, possibly via activation of a very close, or even an identical pattern of ORs. In accordance with the lower odor threshold of natural (S)-γ-ionone 38 than 470 Natural Product Communications Vol. 6 (4) 2011
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(S)-α-ionone 20, the γ-type cis-octalinic isomer 37 was significantly more powerful than the corresponding α-type compound 35. Actually, the odor threshold of 37 (0.010 ng/L of air) is the lowest of all violet-smelling ionone derivatives evaluated so far, and it is about one order of magnitude lower than (S)-γ-ionone 38 itself [24] .
(S)-γ-ionone 38 and (S)-γ-damascone 62 are other important fragrance constituents due to their distinctive fine violet and rose scents. Actually, their odor notes are considered to be the finest of all naturally occurring regioand stereomeric ionones and damascones.
In our approach to (S)-γ-ionone 38 and (S)-γ-damascone 62, the synthesis of the important building block 53 was based on the BF 3 catalyzed cyclization of (S)-epoxytrimethylsilylgeranic acid methyl ester 52 [25] . Two moieties, embedded in the structure of 52, governed the cyclization which, proceeding through a concerted chairlike transition state, afforded cis-hydroxyester 53 in high yield and with complete stereospecificity (Scheme 8). The absolute stereochemistry of the oxirane ring in 52 thus determined the absolute stereochemistry of product 53, while the silyl group unit enhanced the nucleophilicity of the allylic double bond in 52 and controlled the regioselective formation of the desired exo-olefin 53 (Scheme 8) [25] . Noticeably, in the absence of the allylsilane moiety, acid catalyzed cyclizations of terpenoid 1, 5-dienes or the corresponding monoepoxides afforded mainly endo-olefins in mixtures with their exo-isomers.
The epoxy ring of 52 was installed through our reliable method centred on the Sharpless asymmetric dihydroxylation of the distal double bond (see Scheme 2) of diene 51. The latter was synthesized in accordance with an improved version of a seminal procedure first described by Armstrong and Weiler [32] . Subsequently, BF 3 catalyzed cyclization of 52 smoothly produced the expected intermediate 53 in 82% isolated yield and 88% ee (Scheme 8) [25] . Intramolecular lactonization of hydroxyester 53 afforded (+)-karahana lactone 54, 96.7% ee after recrystallization, which was reduced in three steps to the highly volatile (+)-karahana ether 55, a colorless liquid with a pleasant camphor-like odor (Scheme 8) [25] . Sesquiterpenes pallescensone 72 and ancistrodial 75 were isolated, respectively, from the sponge Dictyodendrilla cavernosa Lendenfeld, collected in New Zealand, and as the major component in the defensive secretion of West African termite Ancistrotermes cavithorax minor soldiers. Thanks to our enantioselective syntheses of (-)-(R)-72 and (-)-(R)-75 (Schemes 10 and 11), naturally occurring (+)-72 was assigned the (S)-configuration, whereas the E-configuration of the conjugated double bond and the relationship between absolute configuration and specific rotation were established for ancistrodial 75 [36] . CO The syntheses of compounds 72 and 75 diverged from γ-cyclohomocitral 70, which was obtained by an approach paralleling the synthesis of γ-cyclocitral 60 outlined above (Schemes 8 and 9 ). In the event, a biomimetic electrophilic cyclization of optically active epoxy-allylsilane 66 led, after chromatographic separation of diastereomeric cycloadducts 67, to key intermediate cis-2-hydroxy-γcyclohomogeraniol pivaloate 68 (Scheme 10). Alcohol 68 was then converted to 70 via radical deoxygenation of phenoxythiocarbonate 69, followed by cleavage of the pivaloate group and oxidation of the primary alcohol (Scheme 11) [36] . Subsequent addition of 3-furyllithium to γ-cyclohomocitral 70, followed by oxidation of diastereomeric alcohols 71 with tetrapropylammonium perruthenate (TPAP) [37] , readily gave (-)-(R)pallescensone 72 (Scheme 11), which resulted to be the antipode of the naturally occurring sesquiterpene [36] . Conversion of aldehyde 70 to ancistrodial (-)-75 was equally straightforward (Scheme 11) [36] . Actually, Wittig condensation of 70 with stabilized ylide 73 smoothly gave lactone 74 as the sole E-stereomer (NOE studies), which afforded dialdehyde 75 by reduction to diol, followed by Swern oxidation with (COCl) 2 /DMSO/Et 3 N [34]. Irones 76-80 ( Figure 5 ) impart a powerful and pleasant violet-like scent to the essential oil of Iris rhizomes and are precious constituents of expensive perfumes and cosmetics. Most Iris oils contain the three α-, β-, and γ-double bond isomers in different proportions and enantiomeric irones can be isolated from Iris plants of different geographic origin. The olfactory properties of the regioisomers are remarkably different and, even for the single regioisomer, odor intensity and characters are dramatically dependent on the relative (cis/trans) and absolute stereochemistry. In the γ-series, (2S, 6R)-cis-irone 79 is considered to exhibit the strongest and finest aroma of the four stereomers, whereas the threshold of (2S, 6S)trans-irone 80 is four times higher that the antipode [38].
Scheme 12: Acid-promoted cyclization of trienones 81 to irones.
Among different synthetic approaches to irones based on electrophilic olefin biomimetic cyclizations [39] , Snowden, in particular, studied the acid catalyzedcyclization of trienone 81 (mixture of (5E)-and (5Z)diastereomers) [39] . Indeed, mixtures of α-cis-irone 76, In a related approach to γ-irones, we investigated the electrophilic intramolecular cyclizations of stereodefined trimethylsilyl-substituted (2Z)-1,5-diene 85 and (6S, 2Z)-1,6-diene 86, which were prepared according to a procedure similar to that shown for ester 51 in Scheme 8 [26] . Cyclization of 85 with SnCl 4 (4 equiv) in wet CH 2 Cl 2 at -30/-20°C afforded a 1:1.5 mixture of cis-87 and trans-88 esters in 85% yield. Similarly, cyclization of 1,6-diene 86 proceeded efficiently, both with SnCl 4 (yield 92%) and with TiCl 4 (yield 87%). However, reaction diastereoselectivity was again modest, slightly favoring cis-87 (87: 88, 1.7:1 and 1.9:1, respectively). Moreover, starting from (6S)-86, the terminal double bond isomerized to some extent to tetrasubstituted olefin 85 under reaction conditions, resulting in a modest enantiomeric excess (40-45%) of the cyclized product 87 [26] . These results proved that cyclization of diene 86 was a relatively slow process, despite the involvement of an electron-rich allylsilyl moiety, so that the actual cyclization substrate was a mixture of the chiral allylsilane 86 and the achiral isomer 85. These results strongly suggested the promotion of the cyclization of diene 86 by exposure to mercury salts. In fact, the reaction was expected to proceed via an intermediate -onio‖ species, thus preventing the shift of the complexed double bond. In the event, cyclization of 86 with Hg(OCOCF 3 ) 2 in deoxygenated MeCN at 0°C, followed by reductive demercuration of mercurial products (satd. aq. NaCl, followed by NaBH 4 ) produced an almost equimolecular mixture of enantiomerically pure cis-87 and trans-88 adducts in 82% yield [26] . In stark contrast, cyclization of diene 85 with Hg(OCOCF 3 ) 2 (1.05 equiv) in propionitrile at -40°C was moderately diastereoselective, affording a 7:1 mixture of racemic cis-87 and trans-88 adducts in 57% yield [26] . The two cyclizations were presumed to be highly concerted and to proceed via antiperiplanar addition of the ∆ 2 -double bond of 85 and 86 to a bridged mercurinium ion. The higher diastereoselectivity observed for the reaction of diene 85 might thus be attributed to an expected higher energy difference between the competing chair-and boat-like transition states 89 and 90 involved in the cyclization of diene 85, than between the two chair-like TSs 91 and 92 accessible from the terminal olefin 86 (Figure 7 ) [26] . Subsequently, a rather troublesome procedure was required to convert chromatographically inseparable compounds 87 and 88 to pure alcohols 93 and 94, which were key intermediates for the synthesis of (2S, 6R)-cis-γ-irone 79 and (2S, 6S)-trans-γ-irone 80, respectively [26] . In the event, after DIBALH (diisobutylaluminium hydride) reduction of esters 87 and 88, the entire mixture, 48:52, of inseparable alcohols 93 + 94 was submitted to OH-assisted olefin epoxidation with tBuOOH and catalytic VO(acac) 2 (Scheme 13). Compound 93 produced epoxide 96 and < 2% 95 (GC), while 94 afforded diastereomers 97 and 98 (Scheme 13). The three epoxides 96-98 could then be cleanly separated from each other in 85% total yield, in a ratio of 56:38:6. Subsequently, each epoxide was reconverted, in ca. 70% yield, to the corresponding parent olefin, 93 and 94, respectively, on exposure to excess [Bu 3 SnAlMe 3 ]Li, according to the Oshima-Nozaki protocol [41] . Swern oxidation [34] of alcohol 93 yielded the long-sought cis-aldehyde 99, de 98% and ee 100%, in 86% yield, while Dess-Martin periodinane oxidation [22] of alcohol 94 smoothly afforded trans-aldehyde 100, de 98% and ee 100%, in 96% yield [26] . Finally, each of the highly epimerizable aldehydes 99 and 100 was submitted to the barium hydroxide promoted Horner-Wadsworth-Emmons reaction [35] to give enantiomerically pure γ-irones 79 and 80, respectively [26] .
The great majority of natural isoprenoids are biosynthesised via an electrophilic polyene cyclization initiated either by protonation of the terminal double bond or by opening of a terminal epoxide. There are, however, a small but intriguing number of compounds biogenetically derived from electrophilic cyclization of an acyclic precursor triggered by a formal carbenium ion. For example, the structural backbone of fungal metabolites saponaceolides [42] was suggested to derive from a mechanism unprecedented in the biogenesis of isoprenoids, involving coupling of two farnesyl units with concomitant cyclization [42a] . An intramolecular variant of this mechanism gives rise to the verticillane skeleton, a putative intermediate in the biogenesis of antitumor diterpene taxol [43] (Scheme 14). CO We reasoned that these pitfalls were possibly due to three main factors: i) the inefficiency of the initial alkylation (acylation) step promoting the cyclization; ii) the nonconcertedness of the alkylation (acylation)-cyclization reaction; iii) the lack of regiocontrol in the termination step. Based on these hypotheses, allylically silylsubstituted 1,5-dienes of type 101 (101a R 2 = CH 2 OAc; 101b R 2 = CH 2 CH 2 OAc, 101c R 2 = CO 2 Me) were anticipated to be more reactive towards electrophilic carbenium ions and to undergo cyclization more readily than unsubstituted dienes used in the early studies [44] [45] [46] . In fact, we assumed that electrophilic additions would be facilitated by the increased electron density on the distal olefin of dienes 101, due to through space interaction with the electron-rich double bond of the allylsilyl group. In addition, the allylsilylmethyl-substituted double bond was expected to readily intercept the positive charge developing at the tertiary carbon of the distal olefin, facilitating the cyclization and preventing undesired side-reactions ensuing from a carbenium ion. As an additional benefit, the trialkylsilyl group would function as an effective regioselective terminating entity (see above), avoiding the formation of isomeric olefins or products arising from addition of possible nucleophiles present, like Clor oxygenated species. As electrophilic counterparts of dienes 101, Lewis acid (LA)-complexed aldehydes were selected, with the assumption that the desired alkylation-cyclization reaction (Scheme 15) was a conjugated version of the well known Lewis acidpromoted addition of allylic silanes to carbonyl groups [47] . Major products were expected to be cis-1,3disubstituted methylenecyclohexanes of general formula 102, formed via a stereoelectronically preferred chair-like transition state, with antiperiplanar addition of the carbonyl group and the allylsilane double bond to the distal olefin (Scheme 15). After extensive experimentation with different substituted (Z)-dienes 101 and Lewis acids, finally we found that TiF 4 (4 equiv) in MeCN promoted the rapid addition of different aliphatic aldehydes (1 equiv) to diene 101c (R 2 = CO 2 Me, 2 equiv) with concomitant cyclization, affording products 102 in good yields (40-85% with respect to aldehyde) and with good diastereocontrol (cis:trans ratio = 6 -7:1) [48] . The highest efficacy of TiF 4 compared to more common Lewis acids, was attributed to the high electronegativity of fluorine. Moreover, the high strength of the Ti-F bond prevented the formation of halogenated side-products, differently from TiCl 4 or AlCl 3 . Cis-and trans-products were mixtures of epimers at the newly formed carbinol stereocenter, namely alcohols 103a-b, in a ratio of ca. 3:1, and alcohols 104a-b, in a ratio of ca. 2:1, respectively (Figure 8 ). For preparative purposes, upon exposure to p-TsOH, cis-compounds 103ab were converted to the corresponding lactones 105a-b (Figure 8 ), which were separated from unreacted transadducts 104a-b by flash column chromatography. lacking the allylsilane moiety, occurred in negligible yields [48] , thus reconfirming the significantly increased nucleophilicity of the distant double bond of diene 101c by through space interaction with the allylsilane unit.
In conclusion, we demonstrated the feasibility of an efficient and stereoselective biomimetic cyclization of 1,5dienes, promoted by an external carbon electrophile, like TiF 4 -complexed aliphatic aldehydes. This methodology has a great potential for the preparation of key 2,2dimethyl-cis-1,3-disubstituted cyclohexane building blocks of type 2, to be used in the synthesis of different biologically active natural products.
In our opinion, the examples reported in this paper clearly demonstrate that electrophilic biomimetic cyclizations of simple geraniol derivatives are a viable tool for the efficient synthesis of monocyclic intermediates of general formulas 1 and 2. The regioselectivity of this elegant process can be controlled by a careful selection of the Lewis acid promoter or introducing a functional group, typically an allylsilane group, on the terpenic substrate. Enantiomerically enriched building blocks are also easily accessible from stereodefined epoxy-substituted substrates, thanks to their subsequent highly stereospecific cyclizations. 
